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ABSTRACT
The partitioning of production forests into discretely managed forest stands
confronts animals with diversity in forest attributes at scales from point-level tree
assemblages to distinct forest patches and range-level forest cover. We have investi-
gated the movement and ranging patterns of male Common Chaffinches, Fringilla
coelebs, in heterogeneous forest production landscapes during spring and summer
in south-western Germany. We radio-tracked a total of 15 adult males, each for up
to six days, recording locations at 10-min intervals. We then performed point-level
treesurveysatalltrackinglocationsandclassifiedforeststandattributesfortheareal
covering of birds’ ranges. Movement distances were shortest in beech forest stands
and longer in spruce-mixed and non-spruce conifer stands. Movement distances
increased with stand age in beech stands but not in others, an effect that was only
detectable in a multilevel hierarchical model. We found negligible effects of
point-level tree assemblages and temperature on movement distances. Daily range
estimates were from 0.01 to 8.0 hectare (median of 0.86 ha) with no evident impact
of forest attributes on ranging patterns but considerable intra-individual variation
in range sizes over consecutive days. Most daily ranges covered more than one for-
est stand type. Our results show that forest management impacts the movement
behaviour of chaffinches in heterogeneous production forest. Although point-level
effects of movement distances are weak compared with stand-level effects in this
study,thehierarchicalorganizationofforestisanimportantaspecttoconsiderwhen
analysing fine-scale movement and might exert more differentiated effects on bird
speciesthataremoresensitivetohabitatchangesthanthechaffinch.
Subjects Animal Behavior, Biodiversity, Ecology, Environmental Sciences
Keywords Animal tracking, Bird movement capacity, Habitat use, Landscape heterogeneity,
Hierarchical habitat selection, Multilevel hierarchical regression
INTRODUCTION
The movement of an animal is an intricate interplay of its life history, behaviour, and
response to the underlying habitat (Morales & Ellner, 2002; Morris, 2003; Moorcroft,
Lewis & Crabtree, 2006; Schick et al., 2008). Movement through space to acquire essential
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animals move and use environmental space have an impact on interactions with other
organisms or resources and thus affect ecosystem processes, such as when and where prey
species are consumed (Van Bael, Brawn & Robinson, 2003; B¨ ohm, Wells & Kalko, 2011)
or where defecated seeds are dispersed, thereby playing a role in forest succession and
functioning(Breitbachetal.,2012).Theinvestigationofmovementisthereforeimportant
for understanding the relationships of animals with their biotic and abiotic environment,
and, in turn, the way that environmental changes possibly affect animals from individual
movement to population and community structure (Ovaskainen, 2004; Kokko &
L´ opez-Sepulcre, 2006; Morales et al., 2010). On this background, an understanding of
whether movement and space use differs in structurally homogeneous and heterogeneous
environments might provide us with important information about the behaviour of an
animal and its potential for adaptation to changing environmental conditions (Zollner
& Lima, 1999; Morales et al., 2004; Forester et al., 2007). Moreover, if environmental
heterogeneity is an issue at different scales such as landscapes, habitat patches, and point
locations where animals move, identifying which scale is most influential on movement
and behaviour may aid in addressing the appropriate scale for management action in
informedconservationefforts.
ThetemperateproductionforestsofCentralEuropearecommonlymanagedasdiscrete
forests stands of limited sizes and many mobile organisms such as birds are likely to
encounter various forest patches within their ranges (Andr´ en, 1994; Wells et al., 2011).
Studies on the way in which local environmental conditions affect fine-scale movement
and habitat selection in heterogeneous landscapes emphasize that movements are often
driven by combinations of environmental attributes from different scales, in addition
to individual factors of the animals (Rettie & Messier, 2000; Johnson et al., 2002; Dalziel,
Morales & Fryxell, 2008; Leblond, Dussault & Ouellet, 2010). Moreover, foraging and
habitat selection are known to be hierarchical, with fine-scale patch selection taking
place within different landscape units, which, in turn, might be subject to selection at
larger scale (Kotliar & Wiens, 1990; Fauchald, 1999; Rolstad, Løken & Rolstad, 2000).
Within forest landscapes, for example, bird abundance might increase within patches
of certain tree assemblages (Lee et al., 2002). Analytical tools such as mixed effect and
state-space approaches are increasingly being considered in the investigation of fine-scale
spatiotemporal patterns in movements and the translation of natural hierarchical
processesintocorrespondingmodels(Wikle,2003;Fiebergetal.,2008).
Here, we studied the movement and ranging of a generalist and omnivore passerine
species,theCommonChaffinch,Fringilla coelebs,whichisknowntoutilizealargerangeof
forest types and open habitats, feeding on arthropods and seeds, and to exhibit territorial
behaviour (Glutz von Blotzheim & Bauer, 1997; Hanski & Haila, 1988; Hanski, 1992;
Maciejok,Saur&Bergmann,1995;Whittinghametal.,2001).Despiteitslowspecialization
in habitat use, we expected the movement and ranging patterns of this species to differ
among individuals that inhabit diverse forest types, as forest management has an impact
on a large variety of species and thus on potential resources and habitat conditions
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i.e., the types and density of trees around foraging locations, would have a similar or
greater impact on movement trajectories as larger-scale forest cover with various tree
standsarrangedasadjacentpatches,sincewesuspectedthatsuchfine-scaleenvironmental
conditions would be of more relevance to immediate foraging and movement decisions
than overall forest characteristics at the landscape scale. If local tree assemblages provide
many resources because of high tree diversity and density, for example, we anticipated
relatively small movement distances, as birds should be less motivated to move to distant
locations. Thus, we expected longer movement distances in generally unsuitable than in
suitable habitat. Likewise, if movement distances are shorter in favorable forest types, we
expectdailyrangestobesmaller.
We further aimed to discuss the hierarchical structure of forest attributes. Linked to
our working hypothesis above, we assumed movement distances to differ among forest
standtypes(i.e.,foreststandtypesdifferintheirhabitatsuitabilityandshouldthuspredict
differences in movement) and, concomitantly, point-level effects of tree assemblages on
movement distances to be nested within different forest stands. For conceptualizing the
natural hierarchy into a corresponding analytical framework, we therefore considered
multilevel analytical frameworks to be of particular relevance in heterogeneous and
patchy production forests in comprehensive tests of the way that nature drives movement
trajectories(Fig.1).
MATERIALS AND METHODS
Study area and bird capture
Ourstudywasconductedinsouth-westernGermanyintheSchw¨ abischeAlb(approximate
central coordinates: 48.41◦N, 9.50◦E, elevations of 500–800 m a. s. l.), a montane
environment with a long history of anthropogenic forest management and small-scale
agriculture. The land cover in the area was originally dominated by beech forest (Fagus
sylvatica) but has been significantly altered by the logging of some of the forests and a
varietyoffarmingpractices(Fischeretal.,2010).Theforestsarecharacterizedbyrelatively
smallanddiscretewoodlandstandswithdistinctforestmanagementstrategies(meanarea
oftheforeststands3.6±5.8ha;min/max:0.004/84.5ha;N = 1549)andinterspersedopen
habitat. Forest stands range from old beech stands, neglected by management for more
than 100 years, to mixed-deciduous/coniferous forests with limited intensive logging to
intensivelyfarmedmonoculturesofbeechorNorwayspruce(Picea abies).Eachforesttype
isrepresentedbyarangeofageclassesfromyoungplantationstostandswithtreesofupto
140yearsold.
We captured and marked a total of 15 male adult chaffinches, Fringilla coelebs, in the
field between May and July 2009 (5 individuals) and between April and June 2010 (10
individuals, one bird tracked in 2009 was recaptured and also tracked in 2010). During
this time, most males had well-defined territories, which they defended against other
males that usually stayed in close proximity to each other in the study area (K Kubiczek,
pers. obs., 2010). Birds were captured in the vicinity of so-called experimental plots of
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attributeshypothesizedtobeinfluentialonbirdmovementandranginginheterogeneousproduction
forest landscapes. Large rectangles represent three adjacent forest stands with different management
practices and dominance of different tree species (represented by three different tree symbols). Within
forest stands, local tree assemblages might differ in their composition and tree density, such that point
locations (dashed-line circles) may be as different within as among the different forest stands.
the research platform ‘Biodiversity Exploratories’, of which each was characterized by
homogeneousforestcoverofatleast100×100m(http://www.biodiversity-exploratories.
de;Fischeretal.,2010).Alargerangeofabioticandbioticinformationarecollectedatthese
plots, including temperature measures; however, we avoided trapping birds directly there
in order to avoid disturbing other experiments and, also, as bird ranges cannot be directly
linked to a plot-based monitoring scheme. We captured birds with nylon mist nets placed
in front of playback units. We measured wing size as the length of the third primary with
a pinned metal ruler to the nearest millimetre and body mass with a spring balance to the
nearest100g/1gdivision(Pesola,Baar,Switzerland).
Each captured bird was ringed with a uniquely numbered leg ring (Vogelwarte
Radolfzell, Germany). For radio tracking, birds were equipped with a small radio
transmitter(BD-2G,HolohilSystemsLtd.,Ontario,Canada),whichweighed1.2gandwas
thereforewithinthe3–4%bodymassrangeassumedsuitableforcarryingwithoutcausing
any harm to or having any impact on the behaviour of small passerine birds (Withworth et
al., 2007). We constructed a backpack harness out of an elastic plastic band (High Power
Gum, 0.6 mm, Lenzi) to which the transmitter was attached with a small drop of adhesive
glue(Loctite,Henkel,D¨ usseldorf,Germany).Theharnessfixedthetransmitterontheback
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(Naef-Daenzer, 2007). After checking for the accurate fit of the harness, we immediately
releasedthebirdatthepointofcapture.
Capturing and handling birds were performed in compliance with federal and state
laws.Allpermitsweregrantedbythe“Regierungspr¨ asidium T¨ ubingen, Referat Artenschutz,
Tierschutz” (RPT Tierversuch-Nr. -884, -907, -1056). All birds were handled to best
practice following the guidelines of the bird banding laboratory “Vogelwarte Radolfzell”
andweminimizedsufferingthroughswiftreleaseintothewildandprofessionalharnessing
techniques as recommended by the permit authorities. These guidelines on bird handling
for scientific purpose implemented all steps requested by the animal welfare of the
EuropeanCommission,whichareimplementedinthefederalandstatelawsofGermany.
The mandatory training of the field workers was assessed during the permit procedure.
Accesstolandwasapprovedbyalllandowners.
Bird tracking
We used VHF radio-telemetry with a hand-held Yaesu VR-500 receiver (Yaesu Musen
Co. Ltd., Tokyo, Japan) combined with a modified H-aerial antenna (Wagener Teleme-
trieanlagen, K¨ oln, Germany) for tracking birds at regular time intervals with the so-called
homing-in method. During tracking, we narrowed down the birds’ location by a single
observerrepeatedlycheckingthedirectionoftheintensityoftheradiosignalfromdifferent
angles.Birdsusuallyperchedinthecanopyoflargertrees,about5–20maboveground,and
approachingthesetrees,wewereabletoestimatethegeographiclocationswithaprecision
ofca.10m.Withthismethod,werecordedbirdlocationsinregular10-minintervals.Only
occasionallybirdsmovedtoolargedistancestofollowthemandaccuratelydeterminetheir
locationin10-minintervals(about20timesin>2,000locationrecords).
Each birdlocation was marked witha ribbon attached tothe nearest branch ortree and
an individual location number and we noted the time of observations. During tracking,
weestimatedcoarsegeographicpositionwithaconventionalhandheldGPSwithrelatively
large error of ca. 10–15 m (Garmin GPSmap 62CX, USA) for orientation only, whereas
we determined the exact geographic coordinates of marked locations with a Trimble
geoXTTM GPS and GeoBeaconTM receiver (Trimble, USA) with an accuracy of <1 m
somedaysafterradiotrackingwasfinished.
We collected a first set of radio-telemetry data for each individual two days after the
radio transmitter was attached to the bird, tracking birds from 10–30 min prior to sunrise
for a minimum of 6 h and at a minimum of 30 accurate tracking locations at 10-min
intervals. We radio-tracked individuals on three consecutive mornings. Another set
of tracking was conducted after a break of 3–7 days, repeating the same protocol and
gathering information for another three days. As we expected to cover the main daily
activity period of birds with this tracking, we refer to ‘daily ranges’, being aware that this is
onlyarelativemeasurethatshouldnotbeconfusedwithabsolutehome-rangeestimates.
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At each bird location, we estimated local tree density and species composition by using a
so-calleddendrometer.Forthis,ametalbarof15mmwidthwasheldinaconstantdistance
of 50 cm from the observer’s eye at the bird locations. All trees with diameters at breast
heights  15 cm and encountered as exceeding the width of the metal bar were counted.
These trees were identified with regard to their species and diameter and their distance
to the bird location were recorded. This method is used in forestry to estimate tree stock
(Kramer & Akca, 1987) and proved to be an effective measure of local tree assemblages in
thevicinityofbirdlocations.
For classifying area-wide forest cover and the forest stand types that birds used, we
used a digital regional forest management map, which had information on tree species
composition, stand age and management plan on the stand-level of discrete management
units and which was obtained from the regional authorities (‘Forsteinrichtungsdaten’;
‘Fogis 2006’, Regierungspr¨ asidium T¨ ubingen). The digital maps accurately described at
least90%offoreststands,asconfirmedbyourownfieldinventories.Wecategorizedforest
stand composition (based on beech and spruce as the dominant overstory tree species,
with a threshold level of 70% of dominant trees) into six categories: beech, beech-mixed,
deciduous-mixed, spruce, spruce-mixed and coniferous-mixed (Wells et al., 2011). Stand
age was defined as the oldest tree layer within stands. Forest management classes included
age-classforestandunmanagedforests.
Local temperature data were obtained from meteorological measurement stations at
nearbyexperimentalplots(RotronicHygroClipS3AirTemperaturesensor)inthevicinity
oftrackinglocationsandweremeasuredatheightsof2mat60-min-intervals(weassigned
the measured temperature value to all bird locations until the next measurement was
available).
Modelling approach and data analysis
We performed data analysis at two different levels, namely at point-level movement
distances (distance moved per 10-min time intervals) and the level of daily ranges (areal
metric derived from subsets of points). Whereas these data sets are linked, in that ranges
are estimated from subset of point locations, we point out that environmental attributes
need different consideration at these two scales. In general, any point location used by
a bird at a particular time can be described by local tree assemblages at this location
nested within the forest stand in which this point is located (e.g., we can expect two
point locations in a beech forest to differ in local tree assemblages if mixed with other
tree species or if spatial clumping results in different tree densities; likewise, if two points
with the same point-level attributes are located in a different forest stand, we can expect
thistobeadifferentenvironment,seeFig.1).Eachpointlocationusedataparticulartime
is further characterized by the local temperature and daytime. In contrast, at the range
level, we can characterize the forest environment that has been used by a bird during a
certaintimeastheaverageofpoint-levelsattributesfromutilizedpoints.Independentlyof
point estimates, we can characterize the overall forest landscape utilized during a certain
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andmovementratesofbirdsinvariousforeststands.
Variable Description Valuemean/medianandrange
Point-level
BP Number of beech trees (diameter at breast height DBH >15 cm)
around tracking location
3.1 (0–29)
SP Number of spruce trees (DBH >15 cm) around tracking location 11.7 (0–42)
XP Number of all trees (DBH >15 cm) around tracking location 16.4 (0–42)
HP Shannon–Wiener index of tree species diversity (DBH >15 cm)
around tracking location (based on H′ = −

pslog(ps),
where ps is the proportional abundance of species s)
0.4 (0–1.8)
TP Local temperature at tracking location during time of observation 9.5 (−1.7–21.5) ◦C
DtP Time difference of observation to sunrise time of the same day 169.8 (−30–496) min
S.typeS Type of forest stand surrounding tracking location based on
dominant tree species as classified by regional
forest management map
5 different levels
(Beech, Beech-mixed, Spruce,
Spruce-mixed, Non-spruce conifer)
S.ageS Age of forest stand surrounding tracking location as classified
by regional forest management map
69.4 (0–140)
Range-level
JulDayR Day of observation counted onwards from 1st March,
comprising a continuous seasonal measure;
foliage density and arthropod species presence can be
expected to change because of the strong seasonal
variation in the study region
54 (9–111)
TempR Mean temperature [C] during the time of daily tracking
(averaged from point-level measures)
8.3 (0.8–17.9)
StandNoR Number of distinct forest stands, with distinct forest management
practice and tree types; derived from regional management map
2 (1–8)
BeechStandR Proportion of area underlying the daily range estimate covered
with forest stands dominated by beech;
derived from regional management map
16 (0–100)
SpruceStandR Proportion of area underlying the daily range estimate covered
with forest stands dominated by spruce;
derived from regional management map
47 (0–100)
BeechTreeR Average number of beech trees at point locations within daily range;
averaged from 30 locations used for daily range estimate
1.3 (0–17.0)
SpruceTreeR Average number of spruce trees at point locations within daily range;
averaged from 30 locations used for daily range estimate
11.7 (0–28.8)
TotalTreeR Total average number of trees at point locations within daily range;
averaged from 30 locations used for daily range estimate
18.2 (1.0–30.4)
time period from area-wide forest maps by describing the forest landscape underlying the
resultingrange.Forabetterunderstanding,wesuperscriptenvironmentalvariablesbelow
with‘P’forpoint-level,‘S’forstand-leveland‘R’forrangelevelattributes(seeTable1fora
detaileddescriptionofenvironmentalvariables).
We calculated movement distance as the bee-line distance between bird locations
estimated at consecutive time steps of 10 min. For this, we considered all records with
time lags between 8 and 12 min, as field conditions do not allow to sample in strictly
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and environmental conditions, we matched covariates with the starting point from
which movement distance had been calculated. We found point-level characterization
of the forest at GPS locations more feasible than characterizing habitat along straight-line
sections between points (see Fortin et al., 2005 for an example of step-selection functions)
and also on the rationale that habitat along lines can be assumed to be less influential
during flight. We constructed a hierarchical model, so that we were able to translate the
hierarchical structure of points nested in different forest stand types into an analytical
framework. Each observed movement distance λ(i,d,t) of bird individual i at observation
daydandtimet wascharacterizedbythepoint-levelnumberofbeechtreesBP,thenumber
ofsprucetreesSP,thelocaldensityofalltreespeciesXP andtheShannondiversityindexof
all tree species HP at respective point locations. TP was the ambient temperature assigned
totherespectivelocationandtimeandwenoteddaytimeDtP astheminutetimedifference
of observations to sunrise time. Each point location was characterized by its surrounding
forest stand type S.typeS and stand age S.ageS. We assumed that the effects of point-level
conditions (variables with ‘P’) were not independent of the surrounding forest stand type.
Likewise,theeffectofstandagecouldbeassumedtovarywithstandtype.
We further assumed the movement distance to exhibit some autocorrelation in space
and time because of similar environmental conditions or intrinsic factors such as the
motivation of a bird to move, so that λ(i,d,t) might depend on λ(i,d,t −1), which is a
1st order autoregression term. Modelling movement distance at the log-scale with these
assumptionsgivesthefollowingmodel:
log(λ(i,d,t)) ∼ µ0(i)+α(i)λ(i,d,t −1)+S.typeS +β1(S.typeS)BP
+β2(S.typeS)SP +β3(S.typeS)XP +β4(S.typeS)HP
+β5(S.typeS)TP +β6(S.typeS)DtP +β7(S.typeS)S.ageS +ε.
Here, µ0(i) is the intercept that is allowed to vary among individuals. Nested/hierarchical
structure of point-level attributes are implemented via coefficient estimates β, which are
allowed to vary for different forest stand types; stand type is thus considered as both a
group-level predictor and a grouping indicator. The zero-mean Gaussian error ε captures
both variation due to observation error and residual variance of the process model, as
our model framework did not explicitly account for measurement errors in a separate
observation model. We did not consider variable selection in our modelling efforts, as
we were more interested in inferring the strength and different magnitudes in coefficient
estimates,ratherthanmodelparsimony.
We fitted the model with a Bayesian approach by using Gibbs sampler as implemented
in the OpenBUGS software (Lunn et al., 2009) with the vague uniform priors of U(0, 100)
assumed for all variance terms. All covariates were scaled to a mean of zero and one SD
priortoanalysis.Therewasnocollinearitybetweencovariates.
WerantwoMCMCchainsandfoundconvergenceandstationaryposteriordistribution
after visual inspection of 100,000 iterations, which were discarded. Posteriors were
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mode and 95% credible intervals (CI). Covariate relationships were assumed to be
statisticallysignificantif95%CIdidnotoverlapzero.Weestimatedfinitesamplevariances
for estimating the % variance explained in the data by different predictors in our model
(seeAppendixS1formodelcodeandfurtherinformation).
For estimating the daily ranging patterns of birds, we calculated Convex hull polygons
for each days’ range estimate (Getz & Wilmers, 2004), by using the first 30 tracking points
per day. Daily ranges were then estimated with the fixed nearest neighbour method with
k = 12 points and areal range sizes were estimated as 90% isopleths. Range analysis were
conductedwiththeLoCoH.k()functionoftheadehabitatHRpackageinR(RDevelopment
CoreTeam,2013).
For examining possible relationships between range size and environmental covariates,
weusedalinearmixedeffectsmodelfittedwitharestrictedmaximumlikelihoodapproach
(using the lmer() function in the lme4 package in R) to account for the repeated measure
of ranges from the same individual as a grouping structure, since our longitudinal set of
ranges comprised variation in range sizes over time for any individuals and variation in
range sizes among individuals under various environmental conditions. As a full model,
we modelled daily range size at log-scale by using individual bird identity BirdR, mean
temperature TempR, julian day JulDayR, stand numbers StandNoR, proportion of beech
stands BeechStandR, proportion of spruce stands SpruceStandR underlying the ranges and
theaveragenumberofbeechtreesBeechTreeR,averagenumberofsprucetreesSpruceTreeR
and total average number of tree species TotalTreeR per location within daily ranging as
covariates(seeTable1).Forthelattersixcovariatesdescribingforestattributeswithindaily
ranges, we introduced bird identity as random effects. We constructed various models
withonlysinglecovariatesandsubsetsandcomparedmodeloutputsvisuallyandbasedon
Akaike’s information criterion and the size and variation in coefficient estimates (as none
ofthecovariatesprovedtobeofrelevance,detailsnotoutlined).
RESULTS
Weradio-tracked15malechaffinchesinvariousforesttypes,ofwhichelevenweretracked
twice for three consecutive days (one bird was tracked in two years, for which results are
displayed as different individuals) and five were tracked once for three consecutive days
(providing a total of 81 daily ranges). This resulted in a total of 2,316 movement distances
at 10-min intervals for analysing environmental and individual impact on movement
distance.
Movement distances
Movement distances exhibited a highly skewed distribution towards small movements
within 10-min intervals and only occasional large movements (Fig. 2). In 117 out of 2,316
records (5%), birds did not move but perched at the same location for at least 10 min.
Medianmovementdistancewas35mduringthe10-minintervalsandthelongestrecorded
movement was 730 m (note that a few longer movements were likely to be missed due to
difficultiesinfollowinglongdistancesduringtracking).
Kubiczek et al. (2014), PeerJ, DOI 10.7717/peerj.368 9/18Figure 2 Overall frequency distribution of movement distances of 16 radio-tracked chaffinches
during 10-minute intervals. The total sample size is 2,316 distances. Note that the relative frequency
distribution of short and long movements is not necessarily equal among individuals and is here only
pooled for illustration.
Movement distances differed among forest stand types, smallest movements being
recorded in beech forest stands and largest movement distances being recorded in
non-spruce conifer and spruce-mixed forest stands, explaining 16% of the finite-sample
variationinobservedmovementdistances(Fig.3,seeAppendixS2forallposteriorvalues).
Movement distances varied with stand age, notably with an evident effects of stand age
only being found in beech forest stands: movement distances increased with stand age in
beechstandsbutnotinotherstandtypes(Fig.3).Incontrast,theeffectsofpoint-leveltree
assemblages were all low, and we did not find any association with variation in movement
distances.Movementdistancesincreasedfurtherwithdaytimeinspruceandbeech-mixed
forest stands, but this effect was less obvious in other stand types due to uncertainty
in coefficient estimates (Fig. 3). Movement distance did not reveal any relationship to
temperature. Variation in movement among bird individuals accounted for 5% of the
finite-sample variation in movement distances but we found no relationship between
individual average movement distances and wing size or body mass (results not shown in
detail). Posterior modes for autoregression coefficients α were for most birds 0 < α < 0.5
andforonebirdindividual0.5<α <1,suggestingthatmovementdistancesfromprevious
timeintervalswereonlyofminorimpact(AppendixS2).
Ranging patterns
Daily range sizes based on 90% isopleths of convex hulls ranged between 0.01 and 8.0
hectare (median of 0.86 ha), exhibiting a similar magnitude of intra-individual variation
over time than variation among individuals foraging in the different forest types (Fig. 4).
Kubiczek et al. (2014), PeerJ, DOI 10.7717/peerj.368 10/18Figure 3 Posterior coefficient estimates for the effects of forest stand type and the effects of stand age
and daytime on movement distance. Note that stand age and daytime effects are nested within different
stand types and estimates were allowed to vary among them. Stand types are given as Be, Beech; Be-mi,
Beech-mixed; Sp, Spruce; Sp-mi, Spruce-mixed; Conif, Non-spruce conifer. Credible intervals are drawn
as grey bars for 50% and black bars for 95% intervals.
Indeed, 40% of the variation in daily range size was accounted for by intra-individual
variation. None of the covariates characterizing underlying forest cover derived from
point-level tree assemblages, regional forest maps, temperature or Julian day revealed any
relationshipwithdailyrangesizesbasedonmixedeffectmodels.
Notably,70%(57outof81)ofdailyrangeestimatescoveredmorethanoneforeststand
typeandalsorelativelysmalldailyrangeswereobservedtocovermorethanthreedifferent
standtypes.
DISCUSSION
During the tracking of a generalist passerine bird in heterogeneous forest production
landscapes,wefoundthatmostbirdsusedseveraldifferentforeststandsduringtheirdaily
movement. Movement distances differed among forest stand types but, in contrast to our
expectations,wefoundlittleimpactofpoint-leveltreeassemblagesonmovement.
Remarkably,standageanddaytimeaffectedmovementdistancewithcontrastingeffects
among stand types, emphasizing that only if we translated the hierarchical organization
of forest attributes from point to stand level in a corresponding multilevel hierarchical
model could we accurately estimate such effects. Daily ranges exhibited considerable
intra-individualvariationandalsovariationamongbirdsbutrevealednorelationshipwith
the underlying forest, temperature or Julian day. Overall, fine-scale differences in forest
management appeared to have less impact on the movement and ranging of chaffinches
Kubiczek et al. (2014), PeerJ, DOI 10.7717/peerj.368 11/18Figure4 Box–Whiskerplotofdailyrangesizesestimatedfrom30locationsas90%isoplethsofconvex
hullpolygons. Note that, for individuals 2, 6, 8, 10 and 11 (slim bars), we recorded ranging patterns only
forthreedays,whereasfortheotherbirds,werecordeddataforsixdays.Individuals3and4refertorange
estimates from the same individuals tracked in two consecutive years.
than areal forest attributes at the stand and landscape level—at least for the chaffinch
as a habitat generalist. However, we emphasize that results might both depend on the
underlying habitat heterogeneity studied, the way that this is considered for the analysis
of different movement trajectories, and also the sensitivity of focal species to habitat
changes. Generally, we can expect the combination of environmental and individual
conditions,besideotherfactors,toresultinspatiotemporalvariablemovementtrajectories
and range dynamics (Dalziel, Morales & Fryxell, 2008). In particular, the considerable
intra-individual variation in movement and ranging of birds residing within the same
environment suggests that environmental conditions are not the only drivers of variation
in movement behaviour in our study. Individual behaviour typical for chaffinches, such
territorial defence and even extra-pair mating forays that require movements outside
the core territory, for example, suggest that social behaviour might drive movement
and ranging of chaffinches as much as foraging decisions linked to the environment
(Cherenkov, 2011). In turn, as most birds used various forest stands during their daily
movement in our study, we can expect individual birds to experience considerably fewer
environmental contrasts than if we had compared birds from highly distinct forests.
Fine-scale forest heterogeneity might thus blur any differences in movement behaviour
driven by particular environmental conditions and might explain why we found little
predictivepowerofforestattributesfordailyrangesizes.
We conceptualized the hierarchical organization of small-scale forest heterogeneity
from point- to stand-scale into a multilevel model that allowed for decomposing the
different sources of variation, while representing underlying forest heterogeneity in a
Kubiczek et al. (2014), PeerJ, DOI 10.7717/peerj.368 12/18consistent framework. Such multilevel models add to the notion that potential drivers
of ranging patterns can only be understood if the variation in ranges is decomposed in
spatiotemporal and individual-level processes (B¨ orger et al., 2006; Kie et al., 2010). In
particular, we emphasize that forest heterogeneity such as in our study might necessitate
the consideration of forest attributes such as forest stand types as group-level predictors
butalsothegroupingofindicatorsforfiner-scaleattributesnestedwithinthedifferenttree
stands.Analyticalmultilevelframeworksarewelloutlinedintheliterature(Gelman&Hill,
2007). The necessity for such models was, in our study, particularly evident for the effects
of stand age and daytime on movement distances: their contrasting effects on movement
distances in the various forest stands would not only go undetected when assuming a
constant effect for these covariates but would eventually suggest no effect at all or other
misleadingtrends(resultsnotshownindetail).
Contrary to our initial hypothesis, we found stand-level effects of stand type and stand
age to be considerably stronger than the effects of local tree assemblages on movement
distances, although local tree assemblages should largely define resource availability and
also the conditions for birds to move quickly through the canopy. Larger tree diversity or
favourable tree species such as oak, Querqus robur, that harbour more diverse arthropod
assemblages (Sobek et al., 2009), might impact the local foraging behaviour of chaffinches
and other bird species (B¨ ohm & Kalko, 2009). Larger tree density and tree diameters
have also been found to impact the foraging of woodpeckers, Picoides arcticus, in North
American forests (Dudley, Saab & Hollenbeck, 2012). Likewise, canopy structure changes
with local tree composition and density and should impact the movement conditions
for birds and bats during flight (Jung et al., 2012; M¨ uller, Stadler & Brandl, 2010). More
exposed foraging sites through more open canopy might also impact predation risk
and consequent time allocation to foraging in open versus more sheltered space (Jones,
Krebs & Whittingham, 2006; Whittingham et al., 2004). Unfortunately, a comprehensive
assessment of forest structure was not possible during field work, as this is unfeasible for
a large number of points, and detailed remote sensing data were not available for all point
locations. Our study is preliminary in that we have only studied a habitat generalist and
lack comparative data for specialist species, which can be expected to be more limited
in their movement behaviour and distribution in heterogeneous forest landscapes and
are often of particular conservational concern (Dudley, Saab & Hollenbeck, 2012). We
nevertheless emphasize that taking the hierarchical organisation of forest structure
and attributes into account will advance our understanding how birds or other mobile
species may adapt to heterogeneous forest environments and whether stand-level forest
management or point-level tree assemblages are of more importance for movement
behaviour and distribution of species. In practice, future studies that seek to study
movement behaviour in relation to hierarchical forest structure would benefit from larger
sample sizes, which can be more easily collected for larger animals that allow automatic
recording of geographic positions. It would be also desirable to account for different
behaviours such as sexual versus foraging motivated movement and territoriality as a
steptoultimatelylinkmovementtosurvivalandpopulationgrowth.
Kubiczek et al. (2014), PeerJ, DOI 10.7717/peerj.368 13/18In summary, our results show that diverse forest stand types impact the movement
patternsofchaffinchesbutarealllikelytoprovideforagingopportunities,sincechaffinches
frequently move between the different forest stands. We argued that forest stand
characteristics such as stand type and stand age possibly impact movement patterns
in combination and that the hierarchical structure of forest attributes necessitates the
application of corresponding multilevel analytical frameworks. Our study is only a first
step towards management involvement, since equivalent studies are desirable on more
specialized bird species for which we expect a larger impact on local tree assemblages
and also in study areas with a different forest landscape composition that might impact
the overall environmental contrasts that individual birds experience. Possible beneficial
conservation efforts in production forests include less intensive set-aside schemes that
leave entire patches unmanaged or the conservation of local key structures such as large
old trees, standing dead wood or mixed tree assemblages. If economic pressure does not
allow broad-scale conservation efforts or if we need better quantitative measurements to
argueformoreconservation,weexpectthatfurtherstudiesonanimal-habitatassociations,
allowing the quantification of point-level to forest stand and landscape scale effects in a
consistent multilevel framework, will be pivotal for science-based management decisions
inforestandwildlifeconservation.
ACKNOWLEDGEMENTS
We thank J Hailer for his contribution to forest characterizations and R Lauterbach,
S Br¨ andl and M Fellendorf for their great help in the field. We thank M Fischer,
KE Linsenmair, D Hessenm¨ oller, J Nieschulze, D Prati, I Sch¨ oning, F Buscot, ED Schulze
and WW Weisser for their role in setting up the Biodiversity Exploratories project. We
thank anonymous reviewers for helpful comments on previous drafts submitted to
www.peerageofscience.org.
With deep sadness, we had to accept that the late Elisabeth Kalko, as the former head
of our research team, would not be able to see this study published; we are grateful for her
previousinitiationandsupportofourwork.
ADDITIONAL INFORMATION AND DECLARATIONS
Funding
This study benefited from the infrastructure of the DFG priority programme 1374
‘Biodiversity Exploratories’ (KA 1241/15-1). The funders had no role in study design,
datacollectionandanalysis,decisiontopublish,orpreparationofthemanuscript.
Grant Disclosures
Thefollowinggrantinformationwasdisclosedbytheauthors:
DFGpriorityprogramme1374‘BiodiversityExploratories’:KA1241/15-1.
Competing Interests
Theauthorsdeclaretherearenocompetinginterests.
Kubiczek et al. (2014), PeerJ, DOI 10.7717/peerj.368 14/18Author Contributions
• Katrin Kubiczek performed the experiments, wrote the paper, prepared figures and/or
tables,revieweddraftsofthepaper.
• Swen C. Renner conceived and designed the experiments, performed the experiments,
analyzed the data, contributed reagents/materials/analysis tools, wrote the paper,
revieweddraftsofthepaper.
• StefanM.B¨ ohmperformedtheexperiments,revieweddraftsofthepaper.
• Konstans Wells conceived and designed the experiments, performed the experiments,
analyzedthedata,wrotethepaper,preparedfiguresand/ortables,revieweddraftsofthe
paper.
Animal Ethics
Thefollowinginformationwassuppliedrelatingtoethicalapprovals(i.e.,approvingbody
andanyreferencenumbers):
Capturingandhandlingbirdswereperformedincompliancewithfederalandstatelaws.
All permits were granted by the “Regierungspr¨ asidium T¨ ubingen, Referat Artenschutz,
Tierschutz” (RPT Tierversuch-Nr. -884, -907, -1056) in 2008 and 2011. All birds were
handled to best practices following the guidelines of the bird banding laboratory
“Vogelwarte Radolfzell” and we minimized suffering through swift release into the wild
and professional harnessing techniques as recommended by the permit authorities. These
guidelines on bird handling for scientific purposes implemented all steps requested by the
animal welfare of the European Commission, which are implemented in the federal and
statelawsofGermany.
The mandatory training of the field workers was assessed during the permit procedure.
Accesstolandwasapprovedbyalllandowners.
Data Deposition
Thefollowinginformationwassuppliedregardingthedepositionofrelateddata:
https://exploratories.bgc-jena.mpg.de:444/Login/Account.aspx.
Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/
10.7717/peerj.368.
REFERENCES
Andr´ en H. 1994. Effects of habitat fragmentation on birds and mammals in landscapes with
different proportions of suitable habitat: a review. Oikos 71:355–366 DOI 10.2307/3545823.
B¨ ohm SM, Kalko EKV. 2009. Patterns of resource use in an assemblage of birds in the canopy of a
temperate alluvial forest. Journal of Ornithology 150:799–814 DOI 10.1007/s10336-009-0401-7.
B¨ ohm SM, Wells K, Kalko EKV. 2011. Top-down control of herbivory by birds and bats
in the canopy of temperate broad-leaved oaks (Quercus robur). PLoS ONE 6(4):e17857
DOI 10.1371/journal.pone.0017857.
Kubiczek et al. (2014), PeerJ, DOI 10.7717/peerj.368 15/18B¨ orger L, Franconi N, Ferretti F, Meschi F, Michele GD, Gantz A, Coulson T. 2006. An
integrated approach to identify spatiotemporal and individual-level determinants of animal
home range size. The American Naturalist 168:471–485 DOI 10.1086/507883.
Breitbach N, B¨ ohning-Gaese K, Laube I, Schleuning M. 2012. Short seed-dispersal distances and
low seedling recruitment in farmland populations of bird-dispersed cherry trees. Journal of
Ecology 100:1349–1358 DOI 10.1111/1365-2745.12001.
Cherenkov SE. 2011. Frequency distribution of minimum distances between singing males in
different chaffinch (Fringilla coelebs L.) populations as an indicator of habitat quality. Russian
Journal of Ecology 42:38–43 DOI 10.1134/S1067413610041010.
Dalziel BD, Morales JM, Fryxell JM. 2008. Fitting probability distributions to animal movement
trajectories: using artificial neural networks to link distance, resources, and memory. The
American Naturalist 172:248–258 DOI 10.1086/589448.
Dudley JG, Saab VA, Hollenbeck JP. 2012. Foraging-habitat selection of Black-backed Woodpeck-
ers in forest burns of Southwestern Idaho. Condor 114:348–357 DOI 10.1525/cond.2012.110020.
Fauchald P. 1999. Foraging in a hierarchical patch system. The American Naturalist 153:603–613
DOI 10.1086/303203.
Fieberg J, Matthiopoulos J, Hebrd R, Jiguet F. 2008. Distribution of specialist and generalist
species along spatial gradients of habitat disturbance and fragmentation. Oikos 117:507–514
DOI 10.1111/j.0030-1299.2008.16215.x.
Fischer M, Bossdorf O, Gockel S, H¨ ansel F, Hemp A, Hessenm¨ oller D, Korte G, Nieschulze J,
Pfeiffer S, Prati D, Renner S, Sch¨ oning I, Schumacher U, Wells K, Buscot F, Kalko EKV,
Linsenmair KE, Schulze E-D, Weisser WW. 2010. Implementing large-scale and long-term
functional biodiversity research: the biodiversity exploratories. Basic and Applied Ecology
11:473–485 DOI 10.1016/j.baae.2010.07.009.
Forester JD, Ives AR, Turner MG, Anderson DP, Fortin D, Beyer HL, Smith DW, Boyce MS.
2007. State-space models link elk movement patterns to landscape characteristics in Yellowstone
National Park. Ecological Monographs 77:285–299 DOI 10.1890/06-0534.
Fortin D, Beyer HL, Boyce MS, Smith DW, Duchesne T, Mao JS. 2005. Wolves influence elk
movements: behavior shapes a trophic cascade in Yellowstone National Park. Ecology
86:1320–1330 DOI 10.1890/04-0953.
Gelman A, Hill J. 2007. Data analysis using regression and multilevel/hierarchical models. New York:
Cambridge Univ. Press.
Getz WM, Wilmers CC. 2004. A local nearest-neighbor convex-hull construction of home ranges
and utilization distributions. Ecography 27:489–505 DOI 10.1111/j.0906-7590.2004.03835.x.
Glutz von Blotzheim UN, Bauer KM. 1997. Handbuch der V¨ ogel Mitteleuropas. Passeriformes.
Band 14 Passeriformes 5.Teil. Wiebelsheim: Aula Verlag.
Hanski IK. 1992. Territorial behaviour and mixed reproductive strategy in the chaffinch. Ornis
Scandinavica 23:475–482 DOI 10.2307/3676679.
Hanski IK, Haila Y. 1988. Singing territories and home ranges of breeding Fringilla coelebs: visual
observation vs. radio-tracking. Ornis Fennica 65:97–103.
Johnson CJ, Parker KL, Heard DC, Gillingham MP. 2002. Movement parameters of ungulates
and scale-specific responses to the environment. Journal of Animal Ecology 71:225–235
DOI 10.1046/j.1365-2656.2002.00595.x.
Jones KA, Krebs JR, Whittingham MJ. 2006. Interaction between seed crypsis and habitat
structure influence patch choice in a granivorous bird, the chaffinch Fringilla coelebs. Journal of
Avian Biology 37:413–418 DOI 10.1111/j.2006.0908-8857.03883.x.
Kubiczek et al. (2014), PeerJ, DOI 10.7717/peerj.368 16/18Jung K, Kaiser S, B¨ ohm S, Nieschulze J, Kalko EKV. 2012. Moving in three dimensions: effects of
structural complexity on occurrence and activity of insectivorous bats in managed forest stands.
Journal of Applied Ecology 49:523–531 DOI 10.1111/j.1365-2664.2012.02116.x.
Kie JG, Matthiopoulos J, Fieberg J, Powell RA, Cagnacci F, Mitchell MS, Gaillard J-M,
Moorcroft PR. 2010. The home-range concept: are traditional estimators still relevant with
modern telemetry technology? Philosophical Transactions of the Royal Society B: Biological
Sciences 365:2221–2231 DOI 10.1098/rstb.2010.0093.
Kokko H, L´ opez-Sepulcre A. 2006. From individual dispersal to species ranges: perspectives for a
changing world. Science 313:789–791 DOI 10.1126/science.1128566.
Kotliar NB, Wiens JA. 1990. Multiple scales of patchiness and patch structure: a hierarchical
framework for the study of heterogeneity. Oikos 59:253–260 DOI 10.2307/3545542.
Kramer H, Akca A. 1987. Leitfaden f¨ ur Dendrometrie und Bestandsinventur, 2nd edition. Frankfurt
am Main: Sauerl¨ ander’s Verlag.
Leblond M, Dussault C, Ouellet JP. 2010. What drives fine-scale movements of large herbivores?
A case study using moose. Ecography 33:1102–1112 DOI 10.1111/j.1600-0587.2009.06104.x.
Lee M, Fahrig L, Freemark K, Currie DJ. 2002. Importance of patch scale vs landscape scale on
selected forest birds. Oikos 96:110–118 DOI 10.1034/j.1600-0706.2002.960112.x.
Lunn D, Spiegelhalter D, Thomas A, Best N. 2009. The BUGS project: evolution, critique and
future directions. Statistics in Medicine 28:3049–3067 DOI 10.1002/sim.3680.
Maciejok J, Saur B, Bergmann H-H. 1995. Behaviour of Chaffinches (Fringilla coelebs) inside
and outside their territories during the breeding period. Journal of Ornithology 136:37–45
DOI 10.1007/BF01647206.
Moorcroft PR, Lewis MA, Crabtree RL. 2006. Mechanistic home range models capture spatial
patterns and dynamics of coyote territories in Yellowstone. Proceedings of the Royal Society B:
Biological Sciences 273:1651–1659 DOI 10.1098/rspb.2005.3439.
Morales JM, Ellner SP. 2002. Scaling up animal movements in heterogeneous landscapes: the
importance of behavior. Ecology 83:2240–2247
DOI 10.1890/0012-9658(2002)083[2240:SUAMIH]2.0.CO;2.
Morales JM, Haydon DT, Frair J, Holsiner KE, Fryxell JM. 2004. Extracting more out of
relocation data: building movement models as mixtures of random walks. Ecology 85:2436–2445
DOI 10.1890/03-0269.
Morales JM, Moorcroft PR, Matthiopoulos J, Frair JL, Kie JG, Powell RA, Merrill EH,
Haydon DT. 2010. Building the bridge between animal movement and population
dynamics. Philosophical Transactions of the Royal Society B: Biological Sciences 365:2289–2301
DOI 10.1098/rstb.2010.0082.
Morris DW. 2003. Toward an ecological synthesis: a case for habitat selection. Oecologia 136:1–13
DOI 10.1007/s00442-003-1241-4.
M¨ uller J, Stadler J, Brandl R. 2010. Composition versus physiognomy of vegetation as predictors
of bird assemblages: the role of LiDAR. Remote Sensing of the Environment 114:490–495
DOI 10.1016/j.rse.2009.10.006.
Naef-Daenzer B. 2007. An allometric function to fit leg-loop harnesses to terrestrial birds. Journal
of Avian Biology 38:404–407 DOI 10.1111/j.2007.0908-8857.03863.x.
Ovaskainen O. 2004. Habitat-specific movement parameters estimated using mark-recapture data
and a diffusion model. Ecology 85:242–257 DOI 10.1890/02-0706.
Paillet Y, Berg` es L, Hj¨ alt´ en J, ´ Odor P, Avon C, Bernhardt-R¨ omermann M, Bijlsma R-J, De
Bruyn L, Fuhr M, Grandin ULF, Kanka R, Lundin L, Luque S, Magura T, Matesanz S,
Kubiczek et al. (2014), PeerJ, DOI 10.7717/peerj.368 17/18M´ esz´ aros I, Sebasti` a M-T, Schmidt W, Standov´ ar T, T´ othm´ er´ esz B, Uotila A, Valladares F,
Vellak K, Virtanen R. 2010. Biodiversity differences between managed and unmanaged
forests: meta-analysis of species richness in Europe. Conservation Biology 24:101–112
DOI 10.1111/j.1523-1739.2009.01399.x.
R Development Core Team. 2013. R: a language and environment for statistical computing. Vienna:
R Foundation for Statistical Computing. Available at http://cran.r-project.org/.
Rettie WJ, Messier F. 2000. Hierarchical habitat selection by woodland caribou: its relationship to
limiting factors. Ecography 23:466–478 DOI 10.1111/j.1600-0587.2000.tb00303.x.
Rolstad J, Løken B, Rolstad E. 2000. Habitat selection as a hierarchical spatial process: the
green woodpecker at the northern edge of its distribution range. Oecologia 124:116–129
DOI 10.1007/s004420050031.
Schick RS, Loarie SR, Colchero F, Best BD, Boustany A, Conde DA, Halpin PN, Joppa LN, Mc-
Clellan CM, Clark JS. 2008. Understanding movement data and movement processes: current
and emerging directions. Ecology Letters 11:1338–1350 DOI 10.1111/j.1461-0248.2008.01249.x.
Sobek S, Gossner MM, Scherber C, Steffan-Dewenter I, Tscharntke T. 2009. Tree diversity drives
abundance and spatiotemporal ß-diversity of true bugs (Heteroptera). Ecological Entomology
34:772–782 DOI 10.1111/j.1365-2311.2009.01132.x.
Van Bael SA, Brawn JD, Robinson SK. 2003. Birds defend trees from herbivores in a Neotropical
forest canopy. Proceedings of the National Academy of Sciences of the United States of America
100:8304–8307 DOI 10.1073/pnas.1431621100.
Wells K, B¨ ohm SM, Boch S, Fischer M, Kalko EKV. 2011. Local and landscape-scale forest
attributes differ in their impact on bird assemblages across years in forest production
landscapes. Basic and Applied Ecology 12:97–106 DOI 10.1016/j.baae.2011.01.002.
Whittingham MJ, Bradbury RB, Wilson JD, Morris AJ, Perkins AJ, Siriwardena GM. 2001.
Chaffinch Fringilla coelebs foraging patterns, nestling survival and territory distribution on
lowland farmland. Bird Study 48:257–270 DOI 10.1080/00063650109461226.
Whittingham MJ, Butler SJ, Quinn JL, Cresswell W. 2004. The effect of limited visibility on
vigilance behavior and speed of predator detection: implications for the conservation of
granivorous passerines. Oikos 106:377–385 DOI 10.1111/j.0030-1299.2004.13132.x.
Wikle CK. 2003. Hierarchical Bayesian models for predicting the spread of ecological processes.
Ecology 84:1382–1394 DOI 10.1890/0012-9658(2003)084[1382:HBMFPT]2.0.CO;2.
Withworth D, Newman S, Mundkr T, Harris PD. 2007. Wild birds and avian influenza: an
introduction to applied field research and disease sampling techniques. Rome: Food and
Agriculture Organization of the United Nations.
Zollner PA, Lima SL. 1999. Search strategies for landscape-level interpatch movements. Ecology
80:1019–1030 DOI 10.1890/0012-9658(1999)080[1019:SSFLLI]2.0.CO;2.
Kubiczek et al. (2014), PeerJ, DOI 10.7717/peerj.368 18/18